Abstract-Firefly optimization is a population based technique in which the attractiveness of a firefly is determined by its attractiveness which is then encoded as the objective function of the optimization problems. Firefly algorithm is one of the newest meta-heuristic algorithms based on the mating or flashing behavior of fireflies. Economic load dispatch of generation allocates power generation to match load demand at minimal possible cost without violating power units and system constraints. This paper presents application of firefly optimization technique (FFOT) for solving convex economic load dispatch of generation. The economic load dispatch problem was formulated to minimize the total fuel cost for the heat optimal combination of thermal generators without violating any of the system constraints using quadratic fuel cost model of Sapele, Delta, Afam and Egbin power stations as case studies. The equality and inequality constraints used on the system were the power balance equation and the transmission line constraints respectively. Firefly optimization technique was then developed using appropriate control parameters for a faster convergence of the technique. The optimization technique was tested and validated on the IEEE 30-bus system and Nigerian 24-bus system. The results obtained from the IEEE 30-bus system were compared to published results obtained via Differential Evolution (DE), Ant Colony Optimization (ACO) and Genetic Algorithm (GA). The comparison confirms the superiority, fast convergence and proficiency of the algorithm.
I. INTRODUCTION
Firefly Algorithm (FA) is a population based optimization technique whose birth came from inspiration surrounding the mating or flashing behavior of fireflies. FA was developed by Dr. Xin She Yang at Cambridge University in 2007 [17] . The fundamental ideas in modeling this algorithm was borrowed from collective social behaviour of fireflies and are artificially used to construct more robust, reliable and efficient algorithm capable of locating simultaneously multiple local and global extreme of nonlinear, non-convex multi-modal mixed-variable and constrained functions using exploration and exploitation of search space [7] , [19] . Generally, the core issue that needed to be addressed in FA implementation entails formulation of the attractiveness of a firefly is determined by its brightness. This is then encoded as the objective function of the optimization problems [2] . Since its inception in 2007, its areas of application cut across a number of disciplines such as chemical / biological / pharmaceutical sciences, medicine, chemical technology, engineering and applied mathematics [7] , [19] . Its application in power system engineering include optimal power flow (OPF), economic load dispatch (ELD), fault detection and location, optimal sizing and siting of distributed generator (DG) and shunt capacitor in radial distribution system (RDS), network reconfiguration in RDS and scheduling and traveling salesman problem etc. [19] , [1] , [2] , [6] , [11] , [4] .
In recent years, there have been rapid increase in population, urbanization, industrialization and economy which has led to persistent change in electrical consumption and load patterns of the teeming populace around the world [8] . This development has created highly vibrant and competitive market for electrical energy demand, hence ELD on the interconnected plants on grid become a crucial issue in power system that needed to be address, if a reliable, effective and efficient energy management system would be attained [13] , [15] . ELD can be viewed as a way of sharing loads to different online generators economically as well as satisfying system constraints, while minimizing the plant's generation fuel cost [14] , [12] , [16] . It allocates power generation to match load demand at minimal possible cost without violating power units and system constraints [9] , [10] .
The ELD is an optimization problem which could either be convex and non-convex; convex ELD problems has a piece-wise linear and a monotonically increasing fuel-cost curves of generating units. Non-convex ELD problems take into consideration ramp rate limits, prohibited operating zones, emission, valve point effects, line flow limits, spinning reserve requirement and multi-fuel options [9] , [15] . Convex ELD optimization problem modeled power balance equation and generators with smooth quadratic cost functions while a sine function coupled with smooth quadratic function is used to model a non-convex ELD optimization problems [15] , hence non-convex ELD optimization problem provides a more accurate representation of entire power system [9] .
Several methodologies for solving optimal economic dispatch problems have been proposed and implemented on different test systems. It can be broadly grouped into two; [15] , [18] , [19] . However, with these classical methods, treatment of operational constraints are somehow difficult and complex when applied to non-convex ELD problems hence non-deterministic optimization algorithms such as genetic algorithm (GA), simulated annealing (SA), particle swarm optimization (PSO), evolutionary programming (EP), biogeography based optimization (BBO), chaotic ant swarm optimization (CASO), cuckoo search algorithm (CSA) and firefly algorithm (FA) are employed to solve non-convex ELD problems [9] . FA is a good combination of four different algorithms (DE, APSO, SA and HS) and belongs to the class of swarmintelligence based optimization algorithm which is much simpler in concept and implementation. It has the following advantages over other members of the group: it automatically divides its population into subgroups, utilizing the fact that local attraction is stronger than long distance attraction, and reduces the potential drawbacks of premature convergence. In addition, it does not use the velocities hence problems associated with velocities in PSO are automatically eliminated, it has high convergence rate and lastly, it works individually and finds a better position for itself in consideration of its current position as well as the position of other agents [5] , [3] .
II. ELD PROBLEM FORMULATION
The objective function of ELD is to minimizing the total fuel cost ( ) for the best optimal combination of thermal generators without violating any of the system constraints.
The quadratic fuel cost model of a typical thermal plant is given by;
The total operating fuel cost ( ) for a power system with N numbers of generators is expressed as the sum of the individual operating fuel cost given by (2) 
The objective function minimizes the total fuel cost of generation is as given by (3) 
where;
= total fuel cost, FuC = fuel cost of each thermal plant, = real power generated at bus th i , , are the generator's constant fuel cost coefficients.
Subject to system (equality and inequality) constraints;
A. The Equality Constraints
The equality constraint on the system is the power balance and its equation is given as;
= transmission line losses = total load demanded. The transmission line loss is given by equation;
. 
B. The Inequality Constraints
Inequality constraints used are the transmission line constraints and generator constraints. The power output was restricted to be within the limits to prevent operation in prohibited zone as given by the following equation: 
III. DEVELOPMENT OF FIREFLY OPTIMIZATION TECHNIQUE
Natural flashing attributes of fireflies have been considered in a bid to develop FA using the following set of rules:
1) All fireflies are unisex so that one firefly will be attracted to other fireflies irrespective of their sex. 2) Attractiveness is proportional to their brightness, thus for any two flashing fireflies, the less bright one migrate towards the brighter one. However, if there is no brighter one than a particular firefly, it will move randomly.
3) The brightness of a firefly is affected or determined by the landscape of the objective function. Regardless of the nature of the problems -maximization or minimization problem-the brightness is proportional to the value of the objective function.
A. Mathematical Modeling of Biogas Digester
The procedural steps used to compute optimal power output on the thermal plants and the total fuel cost of generation using FA is illustrated in Fig. 1 
B. Control Parameters Used in FA
The choice of the value for control parameters played a key a role if the algorithm will converge faster.To arrive at the values used for this analysis, randomness (α) was varied from 0.1 to 1 with a step rise of 0.1, absorption coefficient (γ) was as well varied from 0.01 to 1.0 with a step increase of 0.01, attractiveness ( ) was varied from 0.1 to 1.0 with a step rise of 0.1 and population size was varied from 5 up to 50 in step of 5, the best values for these parameters are presented in Table I . The stopping criteria for the algorithm are the maximum no of iteration. Attractiveness ( 0 ) at = 0 (null distance) 1.0
IV. DISCUSSION OF RESULTS
This section presents the results of ELD implemented in MATLAB (R2016b, Version 9.1) on IEEE 30-bus system and Nigerian 330 kV, 24-bus system using the proposed approach. The MATLAB program was run on a portable computer with an Intel Core 2 Duo (1.8GHz) processor, 2 GB RAM memory and MS Windows 7 as an operating system.
A. Case 1: IEEE 30-Bus System
The IEEE 30-bus test case system is a standardized system with six thermal generator units having a total load demand ( ) of 283.4 MW The output power on the thermal generators on the IEEE 30-bus system is shown in Table II below;   TABLE II: THE OUTPUT POWER ON THE THERMAL GENERATORS ON THE  IEEE A substantial reduction in aggregate power loss and total fuel cost of generation was observed as compared to ACO, DE and GA. The central processing unit computational time was as well shorter with FA. With the results of the proposed approach compared to DE, the network losses reduced by 27.55%, total fuel cost of production reduced by 0.014% and the computational time reduced by 9.1%. In addition, comparing the results of the proposed approach with ACO, the total network losses reduced by 25.03%, fuel cost of generation reduced by 16.3% and the total computational time reduced by 58.6% and lastly with GA, the total network losses reduced by 25.5% , total fuel cost of generation reduced by 0.013% and computational time reduced by 63.7%. The comparison between the proposed approach and other methods in terms of total fuel cost of generation ($/h) and network power losses (MW) is as shown in the bar-chart in Fig. 2 and Fig. 3 below. 
B. Case 2: Nigerian 330 kV, 24-Bus System
Having seen the effectiveness of the proposed approach on IEEE 30 -bus system, the proposed approach was then implemented on Nigerian 330 kV, 24-bus system. Prior to scheduling on the thermal plants, the scheduling of load on the hydro stations (Kainji, Jebba and Shiroro) was fixed based on utility practice The results obtained are as presented in the Table III below; The load dispatches on Egbin, Delta, Afam and Sapele are 729.7 MW, 82.60 MW, 766.8MW and 252.6 MW respectively. The total generated power was 3121.70 MW while the total network losses were found to be 181.999 MW and total computational time of 3.064529 seconds was recorded. The total fuel cost of production was found to be N 96,320.54 per hour.
V. CONCLUSION
The paper has presented application of firefly optimization technique for solving convex ELD of generation on Nigerian 330 kV, 24-bus grid system. The algorithm converges in fewer numbers of iterations. Based on this work, the following conclusions can be drawn: the results of the analysis carried out in MATLAB (R2013a) shows that FA gives better optimal solution (as evidently seen in total fuel cost of generation, network power losses and computational time) compared with results obtained via DE, GA and ACO as seen in literatures. In addition, the simulations show that appropriate choice of size of population, iterations number and coefficient of absorption are essential if FA will converge faster. The results of this analysis showed that FA has reliable and faster convergence and achieved better total fuel cost minimization compared to all other optimization methods. Future work needs to improve the choice of FA control parameters using other variants of firefly algorithm such as chaos FA and parallel FA, they are very promising alternatives. Furthermore, other meta-heuristic algorithms like Cuckoo Search Algorithm (CSA), Bat Algorithm (BA), Bee Algorithm (BA) and Firefly Algorithm (FFA) should be used as well to solve ELD problems on Nigerian grid system. 802 
